Based on a grain growth model, this paper discusses the g grain refinement by phosphorus (P) in as cast 0.1 mass% C slabs. Two important factors, the starting temperature of the rapid grain growth (T rg ) and the grain growth rate, are especially focused in the model. Local Equilibrium Mapping (LEM), an analytical method with local equilibrium calculations in the micro-segregation maps determined by EPMA, is carried out to evaluate the local transformation temperature and the g phase fraction. The LEM analysis shows that the micro-segregation of P extends the d/g transformation temperature range to a lower temperature and retains the d phase at a lower temperature. The Classical Grain Growth Model (CGM) based on a theory by Burke (1949) and Turnbull (1951) is derived, which assumes a normal grain growth with a parabolic law. The CGM successfully evaluates the g grain growth curve in the as cast 0.1 mass% carbon steels considering the rapid growth after the d/g transformation and the change of the growth rate during cooling. The CGM analysis predicts the decrease of both T rg and growth rate by the P addition. The decrease of T rg was determined to be 160-170 K and agrees with the extension of the d/g transformation temperature range evaluated by the LEM analysis. Hence, the grain growth curves can be predicted by considering the extension of the d/g transformation temperature range due to the P addition and its micro-segregation.
Introduction
In the previous paper, 1) we clarified that the as-cast 0.1 mass% carbon steels with phosphorus addition becomes a fine austenite (g) grain structure with inter-dendritic phosphorus segregation. This paper discusses the more detailed mechanism of the grain refinement, based on the grain growth model.
Some studies [1] [2] [3] [4] [5] [6] have been performed extensively regarding the evolution of the g grain structure in as-cast carbon steels as mentioned below:
(1) In the high phosphorus steels, the phosphorus-rich spot at the inter-dendritic region stabilizes the d phase considerably and retains the d phase to a lower temperature in the d/g transformation.
1) The retained d phase can pin the g grain growth. [1] [2] [3] [4] [5] (2) Rapid grain growth of g phase occurs immediately after the completion of the transformation into a g single phase or below the completion temperature of transformation (T g ). [2] [3] [4] [5] [6] (3) The g structure is a fine columnar grain before the rapid grain growth. The width of the fine columnar grain agrees with the primary arm spacing of the d dendrite. 5, 6) Based on the results mentioned above, Fig. 1 illustrates the rapid growth of the g grain during cooling after the completion of the transformation into a g single phase. We should emphasize two significant factors when determining the g grain size. The first factor is the temperature at which the rapid grain growth starts, and the second is the grain growth rate within the range of temperature for the rapid growth.
The first factor, the starting temperature of rapid growth, is closely related to the d/g transformation temperature range. Since the micro-segregation changes the transformation temperature locally, a new analytical method, i.e. the local equilibrium mapping (LEM), is developed, in which the local equilibrium is determined based on the micro-segregation mapping data by EPMA, using ThermoCalc 7) with a multi-component database. This method can evaluate the local transformation temperature and the phase fraction as a function of temperature.
The second factor, the grain growth rate during rapid growth, is evaluated from a grain growth model, i.e. the classical grain growth model (CGM). The basic grain growth equation in the CGM is based on the classical theory proposed by Burke and Turnbull et al. [8] [9] [10] The analytical model is derived by integrating 3, [11] [12] [13] [14] [15] [16] the basic equation over the duration of the rapid grain growth, considering the temperature dependency of the grain growth rate. 9, 10) The grain growth rate and the grain size will be predicted by the CGM.
Consequently, we will discuss the mechanism of the g grain refinement by phosphorus by analyzing the results of the previous paper by coupling the LEM with the CGM.
Preliminary Experiments and Data for Analysis
Three kinds of steels were cast into 100 mm-thick, 800 mm-wide, and 3.3 m-long slabs with a vertical-type continuous caster in the laboratory-scale. The phosphorus (P) content was between 0.01 and 0.20 mass%, i.e. 0.01P, 0.10P and 0.20P, as shown in Table 1 . Each slab was withdrawn through the mold (700 mm in height) at a constant velocity in the range between 0.8 and 1.0 m/min and subsequently cooled down to a room temperature by water spray. After the top of the slab was passed through the mold, the withdrawal motion was stopped owing to limitation of the caster height. Although the slab was held in the cooling zone, both the cooling rate and the thermal gradient in the depth were not achieved in the fully steady state through the height of the slab. Thus, the specimens positioned in 1.8 m height from the bottom and 200 mm width from the side, in each slab, were chosen as the analysis region in which the cooling condition was designated as an equivalent. The g grain size (d g ) and the primary dendrite arm spacing (S 1 ) were measured on the cross sections parallel to the 800 mm-wide surface (Z section). The measured sections were positioned at xϭ2 mm (near the surface), xϭ24 mm (a quarter in the thickness), and xϭ45 mm (near the center of the thickness), where x is the depth from the 800 mm-wide surface in the 100 mm thickness of the cast slab. The previous paper 1) provides more detail on the materials and the experimental procedure. Figure 2 shows the effect of P content on the g grain size d g and the primary arm spacing S 1 in the cast slabs. The g grains are finer in the higher P slabs with 0.10P and 0.20P than in the 0.01P slab throughout the thickness of the slab. The d g in the 0.10P and 0.20P is almost equal and is about half of that in the 0.01P. For example, the d g in the 0.01P is 0.84 mm and 1.57 mm at xϭ2 mm and 24 mm, respectively. In the high P slabs, the d g is 0.39-0.43 mm and 0.73-0.76 mm at xϭ2 mm and 24 mm, respectively. On the contrary, the P content has very little effect on S 1 throughout the thickness of the slab. The S 1 is 0.09-0.12 mm, 0.31-0.32 mm, and 0.43-0.47 mm at xϭ2 mm, 24 mm, and 45 mm, respectively. Figure 3 shows the effect of P content on the following two parameters for the grain growth. The coarseness number n c is defined as d g 2 /S 1 2 . The n c shows the extent of the coarsening of the g grain, whose initial size before the rapid growth is assumed to be the primary dendrite arm spacing S 1 . The amount of parabolic grain growth is defined
Both n c and d g 2 ϪS 1 2 are smaller in the higher P slabs than in the 0.01P throughout the thickness of the slab. All the slabs show the largest n c and the smallest d g
2

ϪS 1
2 at xϭ2 mm. This suggests that the coarsening of g grain occurred easily near the surface of the slab. The n c is 5-6, or the smallest at xϭ24 mm in the higher P slabs. Although d g 2 ϪS 1 2 is approximately 1 mm 2 smaller at xϭ24 mm than at xϭ45 mm, the decrease of d g 2 ϪS 1 2 by 0.1 or 0.2 mass% P addition is approximately 2 mm 2 at both xϭ24 mm and 45 mm in all the slabs. These results suggest that the retardation of the g grain coarsening by the phosphorus addition occurred effectively at a quarter thickness of the slab. 
Analytical Procedures
Local Equilibrium Mapping (LEM)
The analyses were performed on the Z section at a quarter thickness (xϭ24 mm) of the cast slabs. Figure 4 shows the schematic procedure of the present LEM method. The local composition in the micro-segregation maps that were experimentally examined by EPMA, was added to the local equilibrium calculation. The analytical procedure is mentioned below:
(1) Micro-segregation mapping: The mapping images for four kinds of solutes, C, Si, Mn, and P, by EPMA (at 15 kV-0.5 mA) were given. The observation area in each specimen was 512 mmϫ512 mm. Data sets of point analysis with every 1 mm beam scanning for both x and y directions yielded 512 pixelsϫ512 pixels images. The size of a pixel on the micro-segregation map was 1 mm, which is a fifth of that analyzed in the previous paper.
1 ) The intensity data of solutes were mapped into the micro-segregation images.
(2) Preprocessing for local equilibrium analysis: The X-ray intensity data sets of Si, Mn and P in the micro-segregation map were preprocessed before the local equilibrium calculation to reduce the calculation time and to improve the SN ratio of the mapping data. The intensity data set with 512 pixelsϫ512 pixels was thinned down into a set of 43 pointsϫ43 points (1 849 points) by sampling 1 point per every 12 pixels square, which is at intervals of 12 mm along both the x-axis and the y-axis in the map. The intensity in each point was evaluated by taking the mean of intensities for 16 pixels with 4 pixelsϫ4 pixels, with an area of 4 mmϫ4 mm. The concentration of each solute was quantified by the calibration curve method. In the present analysis, the data set of C was not adopted into the calculation, since the C segregation did not depend on the dendrite structure but largely on the final a structure due to its rapid diffusion in the solid phase. Hence, in consideration of the rapid diffusion and the redistribution of C, the C concentration was correlated with the g phase fraction. Figure 5 (a) shows the approximate relationship between the g phase fraction ( f g ) and the C concentration of the g phase (C C g ), provided by the redistribution under the equilibrium in the (dϩg) duplex phase. Figure 5 (b) also shows the approximate relationship between the f g and C C g in the (aϩg) duplex phase. Table 2 shows the constants for the approximate expressions in Fig. 5 , which were evaluated by the equilibrium calculation on the compositions in Table 1. (3) Local equilibrium mapping: The equilibrium in the Fe-C-Si-Mn-P system was calculated from a thermodynamic analysis with a multi-component system database.
7)
The application ThermoCalc and the database SSOL were applied in the present analysis. The preprocessed local concentrations for Si, Mn, and P in the micro-segregation map were adopted into the analysis. The relationships between the C C g and the f g , as shown in Fig. 5 and Table 2 , were also adopted. In each preprocessed point, the equilibrium calculation was achieved to evaluate the local transformation temperatures of d/g (A 4 ) and g/a (A 3 ). The distribution of the calculated local A 4 and A 3 were re-mapped on the micro-segregation images. In addition, the g phase fraction ( f g ) for the A 4 map is evaluated as a function of temperature T. The f g at T is defined as the fraction area where the local A 4 is higher than T. The fraction area is equivalent to the relative cumulative frequency 17) (RCF) in the distribution of the local A 4 .
Classical Grain Growth Model (CGM)
Based on the classical grain growth theory proposed by Burke and Turnbull et al., [8] [9] [10] we modify the classical model to evaluate the rapid g grain growth during cooling after solidification. The diagram of a typical g grain growth by the classical grain growth model (CGM) was shown previously in Fig. 1 . The assumptions that are described below are adopted in the CGM:
(1) The rapid grain growth starts immediately below a given temperature T rg . The growth in the (dϩg) duplex phase temperature range above T rg is negligible, since the growth rate in the duplex is extremely low compared to that in the single phase. 18, 19) (2) The basic equation for the grain growth, proposed by Burke, 8, 10) is expressed in the general form as the following:
where, d is the mean grain size; d 0 is the initial grain size; n is the growth exponent; t is the isothermal heat treatment time; and K is the growth rate constant.
The normal grain growth is adopted. It is a thermally activated process driven by the reduction in the grain boundary energy. 9, 10) The equation for the grain growth complies with the parabolic law by assuming that the growth exponent nϭ2 for the curvature driven growth. 20) The growth rate coefficient is given by an approximate equation proposed by Turnbull. 9, 10, 19) By these assumptions, the equation is re-written from Eq. (1) (4) The grain growth equation is modified by considering the change in the grain growth rate coefficient depending on the temperature. The modification is based on the idea of integrating the grain growth equation over the thermal history. This idea has been applied previously to the grain growth in welding [11] [12] [13] [14] [15] [16] and in the subsequent cooling after casting.
3) Although the empirical form 22) has been adopted to the grain growth rate coefficient in these applications, the approximate form in Eq. (3) based on the material properties in Table 2 is adopted in the present model. Equation (2) is integrated over the duration for the rapid grain growth as in the previous applications. The temperature can be described in the following form if the cooling rate T · is constant: where t f is the finishing time of the growth. Equation (6) is also modified to have a temperature integral form: 5 . Relationships between the g phase fraction ( f g ) and the equilibrium C concentration of the g phase (C C g ) in (a) dϩg duplex phase and (b) aϩg duplex phase. C C g (PE) and f g (PE) are the C concentration and the fraction, respectively, of the g phase on the peritectic line. C C g (EU) and f g (EU) are the C concentration and the fraction, respectively, of the g phase on the eutectoid line. Table 2 . Constants in the approximate expressions for the C concentration of the g phase in the (dϩg) and (aϩg) duplex phase as shown in Fig. 5 . The constants are evaluated by the equilibrium calculation for the compositions in Table 1 .
, and C C g(EU) are in mass%.
where T f is the finishing temperature of the growth.
In Eqs. (6) and (7), the g grain size can certainly be predicted from the given values such as the grain boundary energy s, the rapid growth starting temperature T rg , and the initial grain size d 0 just before the start of the rapid growth. The d 0 is assumed to correspond to the primary arm spacing S 1 that was previously described.
Prediction of Austenite Grain Growth in As-cast
Steel Slabs We will compare the calculation results with the experimental data in peritectic carbon steels, which have been previously reported by Maehara et al. 2) and Yasumoto et al. 3) to verify the present grain growth model. The constants and parameters used in the CGM are shown in Table 3 . Figure 6 shows the comparison between the grain growth curve calculated by the CGM and the experimental measurement. Figure 6(a) shows the comparison in the isothermal holding at 1 723 K. The grain growth coefficient K(T) for Eq. (2) is evaluated to be 3.9ϫ10 Ϫ9 (m 2 /s) by Eqs. (3) and (4), using the parameters in Table 3 . The calculated growth curve in Fig. 6 (a) agrees fairly well with the measured grain size. The grain growth coefficient K(T) is almost reasonable in this high temperature range. Figure 6(b) shows the comparison in the continuous cooling at a constant cooling rate of 0.28 K/s. The calculated growth curve in Fig. 6(b) agrees with the measurement. Figure 6 (c) shows the comparison in the effect of the cooling rate on the g grain size. Equations (4) and (7) with the parameters in Table 3 The relationship in Fig. 6 (c) is also consistent with the measurement. These results support the assumption that the g grain growth in a high temperature range in low carbon steels conforms to the normal grain growth equation, the curvature driven growth 20) with the parabolic growth law. Consequently, the prediction from the present CGM with the parameters in Table 3 , is reasonable for the g grain growth during the continuous cooling after solidification in Fig. 7 . Change of the grain growth rate coefficient by temperature and grain boundary energy. the low carbon steels. Next, we will consider the effect of the P addition on the growth rate. Hondros 23) investigated the grain boundary energy s in iron with various P contents. Table 4 shows the change of s by the P addition. The s in iron containing more than 0.086 mass% P is approximately 25 % lower than that in pure iron. The P addition also lowers the growth coefficient K(T) in the CGM, since K(T) is proportional to the grain boundary energy s, as described in Eq. (3). Figure 7 shows the difference of K(T) in steels with and without the P addition. Thus, the parabolic growth amount, d g 2 Ϫd 0 2 , for P-containing steels with s P is assumed to be 25 % smaller than that for the P-free steels with s 0 . We will compare the change of K(T) by a s decrease and that by a temperature decrease. For instance, the decrease of K(T) by the s decrease with P addition at 1 700 K constant is almost equivalent to the decrease of K(T) by the temperature decrease of 50 K from 1 700 to 1 650 K without the P addition. In the following analysis, s 0 (0.79 J/m 2 ) is adopted for the steel without P addition (i.e. 0.01P) and s P (0.59 J/m 2 ) for the steels with P addition (i.e. 0.10P and 0.20P). Figure 8 shows the microstructures and the micro-segregation mapping images of solutes at a quarter thickness of the cast slabs in the Z section. The dendritic micro-segregation of solutes is observed in the mapping image. The negative segregation of solutes, Si, Mn, and P, illustrates the dendrite cross structure, 1) which is assumed to be two secondary dendrite arm plates that cross each other at a right angle. Figure 9 shows examples of the LEM image for the 0.10P, corresponding to the observed area in Fig. 8(b) . The globular a grains 1) that are dispersed in the prior-g grain and revealed by the superimposed C image exist at the spots, where the local A 4 temperatures are below 1 650 K and the local A 3 temperatures are above 1 175 K. These spots correspond to the inter-dendritic P-rich spots in Fig.  8(b) . The result clearly shows that the P spot stabilizes the bcc phase locally at the inter-dendritic region, retains the d phase below 1 650 K in the d/g phase transformation, and originates a globular a grain above 1 175 K in the g/a phase transformation. Figure 10 shows the g phase fraction f g as a function of temperature, which was calculated by the LEM method in the present cast slabs. The 0.01P completes its transformation into a g single phase at 1 723 K, near the equilibrium transformation temperature A e4 , 1 732 K. On the contrary, the high P slabs can not complete their transformation into a g single phase even at a temperature that is 100 K lower than the equilibrium transformation temperatures A e4 , 1 697 K for the 0.10P and 1 656 K for the 0.20P, respectively. The g phase fractions f g for the 0.10P can only reach 0.95, 0.99, and 0.999 at 1 655 K, 1 620 K, and 1 573 K, respectively. The f g for the 0.20P can only reach 0.95 even at 1 535 K, and it is saturated at approximately 0.975 when it is below 1 450 K. The cause of the saturation of f g is that the P concentration at the inter-dendritic P-rich spot exceeds the solubility limit in the g phase. These results suggest that the P addition can retain the d phase at a lower temperature: the 0.10 mass% P addition retains the d phase at a lower temperature by more than 150 K, in comparison with the 0.01 mass% P steel slab; and the 0.20 mass% P addition retains the d phase with a fraction of 0.025 in the incomplete d/g transformation.
Analytical Results and Discussion
Effect of Micro-segregation on the Transformation Temperature
Effect of Phosphorus on Grain Growth
The g phase fraction f g as a function of temperature for the cast slabs is evaluated successfully by the LEM, as shown in Fig. 10 . However, in the 0.10P and the 0.20P slabs, the (dϩg) duplex phase temperature ranges are so wide that it is difficult to determine T rg exactly by the LEM. In the CGM the temperature integral form in Eq. (7) can be used as a tool to solve the inverse problem to request T rg from experimentally obtained values such as d g and S 1 . For example, Figure 11 shows the amount of grain growth predicted by the CGM. Figure 11 Here, the cooling rate in the solidification temperature range at a quarter thickness of the slabs is estimated to be approximately 1.2 K/s or approximately 1.7 K/s; the former from the primary arm spacing shown in Fig. 2 with an equation by Ibaraki et al., 24) the latter from the secondary arm spacing 1) with an equation by Suzuki et al. 25) The cooling rate of 1.0 K/s that was evaluated in the g phase temperature range is reasonable, since it is slightly lower than that in the solidification range. From Fig. 11 , T rg under the cooling rate of 1.0 K/s is assumed to be 1 555 K and 1 565 K in the 0.10P and the 0.20P, respectively. These results suggest that the P addition can decrease the growth starting temperature T rg remarkably by 160-170 K, in comparison with the 0.01P. Figure 12 evaluates the phase transformation temperature, T LEM , with T rg CGM , where T rg CGM is the rapid growth starting temperature T rg calculated by the CGM in Fig. 11 ; T LEM shown by the plotted bars is the temperature T corresponding to the g phase fraction f g evaluated by LEM in Fig. 10 ; and the open circles indicate the equilibrium temperatures in a g single phase (A e4 ). In the 0.01P, the difference between A e4 and T LEM corresponding to the high f g is negligible, and the T LEM change by f g is also small meaning that the segregation may have very little effect on T rg in the 0.01P. On the contrary, A e4 is approximately 140 K higher than T rg CGM in the 0.10P, and approximately 90 K higher in the 0.20P. The T LEM decreases with the increase of f g and becomes equal to T rg CGM when f g is close to 1.0. The g phase fractions f g at T rg CGM (1 555 K for 0.10P; 1 565 K for 0.20P) are evaluated to be more than 0.999 and approximately 0.92 for the 0.10P and the 0.20P, respectively. This means that the pinning effect by the g phase may disappear when the fraction f g increases to 0.92-1.00. For the 0.01P and the 0.10P, the assumption that the rapid growth of g grain starts when the f g reaches more than 0.999 is reasonable. This is almost consistent with the f g at the rapid growth starting temperature, which has already been determined in carbon steels, for example, 0.99 by Kobayashi et al. 26) and Yasumoto et al. 3) However, for the 0.20P, the result suggests that the pinning effect by the d phase disappears at a relatively low f g of 0.92. There is a possibility that the disappearance is caused by an insufficient dispersion of retained d phase at the P-rich spots. The segregation of P for 0.20P can stabilize and retain a large d phase area in an inter-dendritic region, without dividing the large area into smaller parts. Figure 13 shows the g grain growth curves with and without P addition on the following assumptions at a quar- Fig. 13 explain the refinement of the g grain by P addition successfully. Thus, we conclude that the P addition decreases the growth starting temperature T rg by 160-170 K. Figure 14 summarizes the present discussions: We have proven that both the starting temperature of rapid growth T rg and the growth rate affect the grain size. The P addition decreases the rapid growth starting temperature T rg , and the micro-segregation promotes the decrease. In addition, the decrease of the grain boundary energy s decreases the growth rate to some extent in the P-containing steel. The decrease of T rg corresponds to the extension of the transformation range by P addition, evaluated by the LEM. Therefore, we can conclude that the grain growth curves predicted by CGM (Figs. 13 and 14 ) explain the effect of phosphorus on the g grain size.
Conclusion
In this study we have analyzed how the P addition refines the g grain structure of as-cast 0.1 mass% C steels from the viewpoint of a micro-segregation effect. Analytical approaches of Local Equilibrium Mapping (LEM) and Classical Grain Growth Model (CGM) are taken to predict the change of the d/g transformation temperature and the g grain growth that occur due to the micro-segregation.
The LEM method, using ThermoCalc, provides the d/g and g/a transformation temperature maps, based on the micro-segregation maps by EPMA for solutes except C, i.e. Si, Mn, and P. The d/g transformation temperature maps clarify that the P addition retains the d phase to a lower temperature by more than 150 K in the inter-dendritic Prich region.
Assuming a normal grain growth with a parabolic law, the CGM predicts the grain growth curves for the rapid coarsening during the subsequent cooling after the pinning effect by the d phase is extinguished. The predicted growth curves explain the refinement of the g grain size due to the P addition when the starting temperature of rapid grain growth is assumed to be 160-170 K lower. The decrease in the starting temperature agrees with the lowering of the d/g transformation temperature in the inter-dendritic region.
In addition, the grain boundary energy, one of the parameters in the CGM, is assumed to decrease by the P addition. The decrease has a minor effect on the parabolic grain growth rate. The decrease in the rate is estimated to be 25 %.
Hence, we conclude that the main mechanism in the refinement of the g grain by the P addition is to retain the d phase at a lower temperature in the inter-dendritic region.
